We have used different computational methods to study structural architecture, and light-harvesting and energy transfer properties of the photosynthetic unit of filamentous anoxygenic phototrophs. Due to the huge number of atoms in the photosynthetic unit, a combination of atomistic and coarse methods was used for electronic structure calculations. The calculations reveal that the light energy absorbed by the peripheral chlorosome antenna complex transfers efficiently via the baseplate and the core B808-866 antenna complexes to the reaction center complex, in general agreement with the present understanding of this complex system.
INTRODUCTION
Photosynthesis is the most important biological energy conservation pathway on the Earth, and oxygenic photosynthesis produces most of the oxygen we breathe. Photosynthetic organisms make use of solar energy to create free chemical energy that is used in their metabolic reactions. For light energy to be stored by photosynthesis, it must first be absorbed by the pigment molecules associated with the photosynthetic apparatus. The lightharvesting (LH) antenna systems collect sunlight and transfer excitation energy rapidly to the photosynthetic reaction centers (RCs), where the energy is trapped by a sequence of electron-transfer reactions. Photosynthetic units (PSUs), the assemblies of LH and RC pigment-protein complexes, of all phototrophic organisms have structural architectures optimized for efficient energy transfer from the LH complexes where the light energy is absorbed to the RCs. To obtain an idea on the mechanisms and functions of the elements of photosynthetic apparatus, knowledge on the energy levels of the pigment-protein complexes are needed. Computer simulations applying experimental or calculated antenna and reaction center geometries are one potential tool to study spatial architecture and energy level structures of the PSUs. As an example of this approach, in the present work, we study spatial architecture, light-harvesting, and energy transfer properties in the PSU of filamentous anoxygenic phototrophs (FAP). The PSU of FAP contains three different LH antenna (the chlorosome, [1] baseplate, [2] and B808-866 [3] ) complexes and the RC complexes (see Fig. 1 ), however, their atomic-precision arrangements are still unknown. [4, 5] Based on different experimental methods several spatial model structures of LH antennae and RC complexes of FAP are suggested. [6] [7] [8] [9] [10] Computation methods can in principle be used to study electronic structures of these complexes and finally discriminate between the model structures. Due to the large size of the PSU of FAP, which contains millions of atoms, however, several approximations are needed to be use in the calculations.
MODEL SYSTEMS AND COMPUTATIONAL METHODS

Structural Models for the Antennae and the Reaction Center
The chlorosome antenna elements are arrays of bacteriochlorophyll a (BChl) molecules, which are brought together to form tubular or planar antenna elements. The inter-molecular Mg-Mg distance between the adjacent BChls in the array was taken 0.68 nm. The inter-molecular distance and orientation of the molecules allows the BChls to be connected via hydroxyl group to central Mg atom of the adjacent molecule [6, 7] , as suggested by nuclear magnetic resonance studies. [12] [13] [14] The length and width of the antenna elements were up to 190 nm and up to 40 nm, respectively, in line with the size of real chlorosomes. [11] The baseplate structure applied is based on the previously reported baseplate structure of green sulphur bacteria. [10] In this structure, two mirror-imaged BChl molecules form dimer units in the 2D lattice with intra-dimer and inter-dimer distance of 1.8 nm and 3.1 nm, respectively. The size of the lattice was 180 nm times 50 nm, roughly the length and width of real baseplates.
The geometry of the ring-shaped B808-866 core antenna was borrowed from the well-known LH2 peripheral antenna of Rhodopseudomonas acidophila. [15] Like in LH2, it contains two rings of BChl pigments (i.e., B808 and B866), however, the number of pigments in the rings is different. As has been suggested in [16] , the B808 ring contained 24 and the B866 ring 48 BChl molecules.
The pigment assembly of the RC was based on the structure of the RC from Rhodobacter sphaeroides, where one of the BChls is replaced with bacteriopheophytin a (the H(M182)L mutant). [17, 18] 
Computation Methods
The monomeric transition energies and couplings between the adjacent BChls were calculated by using semiempirical PM6 [19] and Zindo/S [20] methods with configuration interaction approximation. The PM6 method was used to calculate the normal mode vibrations both in the electronic ground sate and in the first singlet excited state of BChls. Exciton Hamiltonian [21] was used to calculate the energy levels of antennae and RCs. In the Hamiltonian, the site energies and couplings between the adjacent pigment molecules were semi-empirically calculated; at long inter-pigment distances dipole-dipole approximation was used. The Fermi's golden rule [22] was used to calculate transition rates in dependence of the inter-complex distances in PSU.
RESULTS
Energy Levels
Exciton calculations for the single antenna and RC complexes yield the energy level structures shown in Fig. 2 . The calculations indicate that the chlorosome states are generally at higher energy compared with the low-energy absorption bands in the rest of complexes, implying that the light energy absorbed by the chlorosome antenna flows down-hill to other antennae. Specifically, the lowest excited state of the chlorosomes antenna element appears at higher energy than the absorbing state of the baseplate complex (mBP in Fig. 2 ) that is known to bind physically to the chlorosomes antenna complex, making down-hill energy transfer processes possible between these two antennae, as already suggested. [22, 23] Analyses of relative positions of the energy levels in the baseplate, B808-866, and RC complexes shows that the baseplate energy levels appear in same region as the states of the B808 pigments of the B808-866 complex, and that one of the states of the RC complex is isoenergetic with a state of the baseplate, suggesting that resonance energy transfer from the baseplate to both the B808-866 and RC complexes may be possible. It is important to notice that such energy resonance is only fulfilled, if vibrations of BChl molecules are properly taken into account. Calculations without the BChl vibrations produce about 300 cm -1 energy gap between the donor acceptor energy levels. 
Inter-Complex Distances and Orientations
Inter-complex distances and orientations of the complexes in the PSU unit were studied using the Fermi's golden rule and exciton wave functions of the complexes. Initial orientations for the supercomplex model structures, which include more than one complex, were estimated by analyzing donor and acceptor states of the individual complexes. Because transition rates depend on the distance between the donor and acceptor molecules, the corresponding pools of molecules were spatially placed as close as possible in the supercomplex structure to achieve efficient energy transfer. For example, exciton calculations showed a good resonance between energy levels of the baseplate complex and the levels of the B808 ring of the B808-866 complex. Accordingly, the B808-866 LH antenna was oriented in the PSU structure such a way that the B808 ring was facing towards the baseplate complex, giving optimal inter-complex distance between the donor and acceptor molecular pools. This means that the B808 and the B866 rings must be localized in the cytoplasmic and periplasmic sides of the cytoplasmic membrane, respectively (see Fig. 1 ). Excitation energy transfer rates were evaluated as a function of inter-complex distances in the range of 1.0 to 5.0 nm.
At shortest distances, the calculated excitation energy transfer times from the chlorosome to baseplate are in the sub-picosecond range. The times increase rapidly with the distance. The experimental times of few ps, [23, 25] were achieved at about 2.0 nm, which might be a good guess for the distance between the chlorosome and baseplate complexes.
No experimental data are available for the baseplate to B808-866 excitation energy transfer. In the range of intercomplex distance between 2.0 -4.0 nm the calculation yielded distributions of times in the ranges 2-5 ps, 18-40 ps, and 235-380 ps, where the shortest times had total weight of about 60-80%.
The calculated excitation transfer time from the B808 ring to the B866 ring is ~1 ps. This is several times faster than the experimental 2-6 ps [5, 26] , suggesting different structure of the B808-866 antenna complex compared with the model structure of the B800-850 LH2 complex from Rhodopseudomonas acidophila.
Times of the final energy transfer step, from the B808-866 antenna to RC, depend mainly on the size of the B808-866 antenna and on the number of RCs accommodated inside this antenna (see Fig. 1 ). The fastest calculated times measure from a few picoseconds to tens of picoseconds.
CONCLUSIONS
In this work, transition rates in dependence of the inter-complex distances in antenna and RC complexes of PSU of FAP were calculated. By comparison the calculated inter-complex transition rates with the experimental rates, a model structure of the PSU with fixed inter-complex distances and orientations was created. In this model structure the light energy trapped by the chlorosome antenna elements flows from the chlorosome to the RC complex via the baseplate and the B808-866 antenna complex, as generally suggested.
